Abstract: A resonant wavelength detection system based on a gradient grating period guided-mode resonance (GGP-GMR) filter and a linear charge-coupled device is demonstrated. The GGP-GMR used in this work consists of a subwavelength grating structure with a grating period that varies from 250 to 550 nm in increments of 2 nm. We successfully demonstrate that by using this system, we can monitor the shift in a sensor's dip wavelength caused by different sucrose concentrations. This technology has the potential to replace the spectrometer used in most optical biosensor systems. Given its compactness, the system can be integrated with lab-on-a-chip systems for numerous biosensing applications.
Introduction
Being able to quantify an unknown sample without using fluorescence labels is one of the greatest advantages of label-free (LF) biosensors. Among the numerous transducing mechanisms, LF biosensors based on optical transduction are the most widely used because of their high sensitivity, lack of electromagnetic interference, remote sensing capability, multiplexing, real-time monitoring, and compact design. Adsorbed biomolecules can trigger changes in various measurands. Various instruments have measured different measurands such as intensity, wavelength, and coupling angle caused by the change of refractive index (RI); different approaches and apparatus have been demonstrated successfully [1] . Among these approaches, monitoring the shift of wavelength is the most commonly used such as surface plasmon resonance [2] , guided-mode resonance (GMR) filters [3] , [4] , photonic crystals (PCs) [5] , and Bragg gratings [6] , [7] . Depending on the designs and the intrinsic mechanisms of the optical sensors, the transmission or reflection spectra can be dip [2] , [7] , [8] or peak types [3] - [6] , [9] .
Although various palmtop spectrometers with acceptable resolution are available, they are too large to be integrated with lab-on-a-chip systems. To overcome this drawback, numerous researchers have been working on microspectrometers based on different mechanisms, including Fabry-Perot [10] , gradient GMR filters [11] , [12] , PCs [13] , and colloidal quantum dots [14] . De-spite the potential of these microspectrometers, those that are available are highly complicated in fabrication [10] , and others are still under development [11] , [12] . Furthermore, sophisticated algorithms are often needed to reconstruct the spectra measured by such devices [11] , [12] , [14] .
In this work, we propose a dip wavelength detection system based on a gradient grating period (GGP)-GMR filter and a linear charge-coupled device (CCD). The system can identify the dip wavelength from a GMR biosensor by translating the spectral information into spatial information in the CCD. When a broadband light source illuminates a GMR biosensor, a specific wavelength resonating with the GMR is reflected, resulting in a transmission spectrum with a dip wavelength (corresponding to the resonant wavelength). When such a transmission spectrum is incident on the GGP-GMR and CCD system, a transmission peak can be obtained from the resulting intensity distribution at the CCD. Based on a precalibrated transmission efficiency matrix, the pixel corresponding to the transmission peak correlates well with the dip wavelength.
To demonstrate the proposed idea, a GMR sensor was exposed to different concentrations of sucrose and illuminated with a broadband light source. The system generated a transmission spectrum with a dip wavelength corresponding to the device's resonance. When the concentrations of sucrose on the GMR sensor changed, the dip wavelength shifted in response to the change of refractive index (RI) resulting from the various concentrations of sucrose. Our system successfully translated the spectral shifts into spatial shifts in its CCD.
Method

Fabrication and Characterization of GGP-GMR
At the core of our dip wavelength detection system is the GMR filter [15] , which is also known as a PC [16] . The device is essentially a three-layer structure: substrate, waveguide, and cover layer. The GMR allows external light to be coupled into waveguide modes through phase matching provided by a subwavelength grating structure. The grating can be fabricated on the waveguide layer; it can be embedded between the substrate and the waveguide layer; it can also have other configurations as long as the grating structure overlaps with the guided modes. With proper design of the dimensions of the GMR, including the grating period, duty cycle, and depth, substrate, waveguide layer thickness, and device RIs, the resonance can be adjusted or optimized for particular applications.
Upon illumination at normal incidence, a specific wavelength of light is reflected back, and the rest of the light is transmitted through. This can be observed experimentally as a narrow-band reflection or a transmission dip. The wavelength of the reflection peak or the transmission dip is the resonant wavelength, which can be calculated from the second-order Bragg condition [17] :
where λ is the resonant wavelength, n eff is the effective index, and is the grating period. If the grating periods are gradually varied, the resonant wavelengths vary continuously across the device, which functions as a linear variable filter; this type of device is termed a GGP-GMR [18] . Gradient GMR based on graded waveguide thickness have also been purposed for other applications [19] , [20] . The GGP-GMR used in this work was fabricated using replica molding and film deposition. The design and fabrication of the GGP-GMR were very similar to those reported previously [18] . In brief, a grating structure with gradient periods was fabricated using electron beam lithography on a silicon wafer. The grating period was varied from 250 to 550 nm in increments of 2 nm. In this work, each period consisted of 100 cycles; thus, the total length of the GMR was only approximately 6 mm. The grating depth was approximately 90 nm. A UV-curable polymer (NOA68, n = 1.556) was sandwiched between a Si master and a flexible sheet of polyethylene terephthalate (PET). An ultraviolet (UV) light (RC-742, Xenon) was used to illuminate and then cured the NOA68 before the NOA68/PET was separated from the Si master. Lastly, a layer of TiO 2 was sputter coated to complete the GGP-GMR. Fig. 1 shows a picture of the fabricated GGP-GMR on a PET sheet and scanning electron microscope images of top and cross-sectional views at different periods. At locations between 0 and 3 mm (corresponding to resonant wavelengths of 470.8 to 682.7 nm), the GGP-GMR exhibits effective coupling with approximately 20% transmission efficiency. The full width half maximum (FWHM) values are approximately 6-21 nm. At locations beyond 3 mm (corresponding to a relatively longer grating period), the coupling efficiency is noticeably degraded. A detailed discussion on GGP-GMR characterization and potential improvement was published previously [18] . For the purposes of this work, only the resonant range between 550-660 nm (less than 1.8 mm long based on Fig. 2 ) was used to detect the dip wavelength from a sensor; thus, the low coupling efficiency in the longer wavelength region is not of concern here.
Resonant Pixel Calibration
The key concept of detecting the dip wavelength with the GGP-GMR and CCD system is to convert the spectral information of the incident light into spatial information at the CCD. To do so, the GGP-GMR was attached to a linear CCD (Toshiba TCD 1304), which has pixel size of 8 × 200 μm with total of 3648 pixels and a detection range between 330 and 1000 nm. A monochromator (DK242, Spectral Products) incorporated with a broadband light source (LSH-150, Taiwan Fiber Optics, Inc.) was used to generate a specific wavelength of light to obtain the resonant pixel at the CCD for the corresponding wavelength. The monochromator was set to illuminate a wavelength with a FWHM of 2.4 nm and a slit size of 1.5 mm. The monochromator illumination was TM-polarized and expanded to cover the entirety of the GGP-GMR. When a specific wavelength of light was incident on the GGP-GMR, it excited resonance at a specific location of the GGP-GMR, such that the light was reflected back at that location and was transmitted through at other locations. Hence, the pixel underneath that location measured a minimal intensity. Fig. 3 (a) and 3(b) shows the intensity measured by the CCD for incident wavelengths of 600-605 nm. Clearly, as shown in the Fig. 3(b) , for each wavelength a corresponding pixel (resonant pixel) results in minimal intensity. Fig. 3(c) shows the correlation between incident wavelength and resonant pixel; the designed GGP-GMR was able to distinguish a 1-nm difference clearly. Later passages discuss further improvements to resolution. The transmission efficiency for each resonant pixel at each wavelength can be calculated by dividing the intensity measured by the CCD with a GGP-GMR to that measured without a GGP-GMR. Fig. 3(d) shows the relationship between a specific wavelength and a resonant pixel with corresponding transmission efficiency, which was collected by sweeping the monochromator from 550-660 nm with a 1-nm increment. Over that wavelength range, the transmission efficiency was approximately 20%.
From Fig. 3(d) , we can construct a transmission efficiency matrix, T. In this study, T is a square matrix with j × j elements; here, the first subscript indicates the resonant pixel, and the second subscript refers to a specific wavelength used for calibration. Essentially, each element in T represents transmission efficiency for a specific wavelength at a specific resonant pixel. For any incident spectrum, the light can be discretized to I j where the subscript corresponds to the specific wavelength used in calibration, such that the resulting intensity on the CCD can be calculated by C = TI where C represents the discrete intensity at each resonant pixel.
Experimental Setup and Detection Method
The key innovation of this work is to replace a spectrometer with a simple and compact GGP-GMR and CCD system to monitor the shift of the dip wavelength resulting from a response from a biosensor. In this work, a GMR sensor and the transmission modality were used to generate a dip wavelength response. Fig. 4(a) illustrates the experimental setup for detecting a dip wavelength and Fig. 4(b)-(d) represent the spectra at different stages through the optical path. When a broadband light source (Fig. 4(b) ) illuminated at a GMR sensor with or without sample, a specific wavelength of light was reflected back; hence, a dip was measured within a transmission spectrum (Fig. 4(c) ) as discussed in previous section. This spectrum was incident on a GGP-GMR and the transmitted intensity was measured by a linear CCD (Fig. 4(d) ). The transmission peak at the CCD was correlated to the dip wavelength. Due to the nature of nonuniform broadband illumination and nonuniform transmission efficiency at different grating periods, the intensity measured at CCD was used as a reference for a broadband light source that was directly incident on the GGP-GMR without going through a GMR sensor. The transmission intensity distribution at CCD when the light went through the GMR sensor was then normalized to this reference signal such that a relative transmission spectrum as a function of the resonant pixel was obtained, whose peak was correlated to the dip wavelength. A brief and detailed discussion on the working principles can be found in supplementary materials and literature [21] , respectively.
Experimental Verification on Dip Wavelength Monitoring
To verify the proposed dip wavelength detection based on GGP-GMR and CCD system, two sets of experiments were performed: different GMR sensors with different resonant wavelengths and one GMR sensor with different sucrose solutions.
GMR Sensors With Different Resonant Wavelengths:
A GMR sensor was used to verify the dip wavelength detection described in the previous section. A TM-polarized broadband light source (LS-1-LL, Ocean Optics) was deployed as shown in Fig. 5(a) and the transmission spectra ( Fig. 5(b) ) of the GMR were measured with a commercial spectrometer (USB2000+VIS-NIR-ES, Ocean Optics) indicating the resonant wavelength was 592 nm.
Two distributions of intensities were measured by the CCD when the broadband light source was incident on the GGP-GMR without and with going through the GMR sensor, which are indicated as broadband and sample in Fig. 5(c) . By normalizing the CCD intensity measured from the sample to that of the broadband in Fig. 5(c) , the relative transmission efficiency as a function of the pixel was obtained as shown in Fig. 5(d) . The maximum transmission (approximately 89.7%) corresponded to pixel number 1120. Based on the resonant wavelength-pixel correlation (Fig. 3) , that pixel corresponded to a wavelength of 592 nm, which was the dip wavelength measured by the Ocean Optics spectrometer (Fig. 5(b) ). This example demonstrated that the dip wavelength resulting from an optical sensor can be correlated to a resonant pixel in the GGP-GMR and CCD system based on a precalibrated wavelength-resonant pixel correlation (Fig. 3(d) ).
To further solidify the concept, four GMRs with different resonant wavelengths (592, 599, 636, 650 nm) were tested (Fig. 6) . The experiment started with the GMR at the lowest resonant wavelength and proceeded to the GMR at the highest resonant wavelength. For each GMR, the measurement process was the same as those described earlier such that for each GMR a corresponding pixel with highest relative transmission efficiency was obtained. Then the process was repeated another two times such that three measurements (relative maximum transmission efficiency) were taken for each GMR to minimize the experimental error, as summarized in Fig. 6(b) . The results indicated that the pixel corresponding to the relative peak transmission efficiency indeed correlated well with the dip wavelength.
GMR Sensor With Different Sucrose Concentrations:
For more practical applications or usage in biosensing, a resonant wavelength shift caused by the change of RI due to different sample concentrations was used to test our GGP-GMR and CCD system. In this test, a GMR again was used as a biosensor, and sucrose samples with different concentrations were used as sample models. First, the Ocean Optics spectrometer was used to measure transmission spectra and dip wavelengths when samples were applied on the GMR sensor. The results indicated that the sucrose concentrations of 0, 15, 30 and 45% (the corresponding refractive indices, RIs, are 1.333, 1.356, 1.381, and 1.410 respectively) had resonant wavelengths at 611.30, 612.0, 615.10, and 618.21 nm respectively (Fig. 7) .
For the GGP-GMR and CCD measurement, first, the transmitted intensity was recorded by the CCD when a broadband light source illuminated the GGP-GMR without going through a GMR sensor; that intensity was used as the reference signal. The CCD intensity for a droplet of sucrose applied on a GMR sensor was measured; it was then normalized to the reference signal to obtain the relative transmission efficiency as a function of the pixel. The experiment started with the lowest (0%, deionized water) concentration, and proceeded to the highest (45%) concentration. The GMR sensor was rinsed between each sample. The same procedure was repeated for another two runs such that for each concentration, three measurements were obtained. Fig. 8 shows an example of relative transmission efficiency for 0% sucrose (water only). Peak finder from Origin Pro was used to better define the maximum transmission corresponding pixel, 1079, which corresponds to a wavelength of 612 nm based on the wavelength-resonant pixel correlation ( Fig. 3(d) ). This is close to but deviates slightly from the resonant wavelength (611.3 nm) measured by the Ocean Optics spectrometer. We discuss that deviation in a later section. Once again, this indicates that based on the maximum transmission corresponding pixel, one can determine the resonant wavelength. By monitoring the shift of the relative peak transmission corresponding pixel, one can determine the shift of the resonant wavelength. In turn, one can determine the change of the RI; hence, one can determine the change of the sample concentration. The relative transmission peaks for four different sucrose concentrations are summarized in Fig. 8(b) .
Discussion
In this work, we demonstrated a resonant wavelength detection system. The main difference between this work and our previous work [11] , [12] are in two aspects. First, the system discussed in this work can only identify the dip wavelength (although theoretically the system can also detect the peak wavelength). However, our previous work with appropriate algorithms can reconstruct the whole spectrum. Second, practically, one can run the calibration curve to obtain the relationship between relative maximum transmission efficiency corresponding pixel and sample concentration as shown in Fig. 8(b) without any knowledge of Fig. 3(c) . However such relationship between the pixel and the corresponding wavelength is required for our previous work to reconstruct the whole original spectrum.
To verify the proposed system, we demonstrated it can be used to track dip wavelengths resulting from different GMR sensors or the same GMR sensor covered with different sucrose solutions. It is to be understood that the purpose of a GMR sensor used in this work is only to generate a dip wavelength to verify the proposed concept. The GGP-GMR resonant wavelength detection system can be used with different sensors for various applications as long as the output having a dip wavelength or peak wavelength spectrum, such as surface plasmon resonance (SPR) [22] or localized SPR [23] biosensors, GMR strain sensors [24] , or colloidal photonic crystal for fatigue monitoring [25] . To the best of our knowledge, the proposed system represents a novel resonant wavelength detection method. We believe there are plenty of room for improvement. In this section, we will discuss some potential improvement and other applications.
GGP-GMR System Performance
From the Fig. 7 , for the sucrose of 0% to 45%, the resonant wavelength shifted from 611.3 to 618.21 nm. Despite a slightly nonlinear response from Fig. 7(b) , the bulk sensitivity defined as the change of wavelength to the change of RI was approximately 89.7 nm per refractive index unit (RIU). Based on the Section 2.2 and Fig. 3 , the GGP-GMR has resolution of 1 nm; hence, for the GMR sensor used in this work, the smallest RIU can be measured was 0.011 RIU. However, it is to be understood that the GMR sensor used in this work is mainly for demonstration purposes -tracking the dip wavelength by the GGP-GMR and CCD system. To further optimize the GMR sensor, more thorough phenomenological analysis of waveguide grating coupling can be taken [26] , [27] . If GMR or other type of biosensors with higher bulk sensitivity is used, the minimum detectable RIU can be further reduced.
High Q Resonance
In this work, the GMR sensor was not optimized such that the coupling efficiency was not ideal as the transmission efficiencies were approximately 12% to 56% as shown in Fig. 6 (a) and 55% to 72% as shown in Fig. 7(a) . As suggested by Chang [21] , a device with improved coupling efficiency (low transmission efficiency) would result in an improved signal. In this case, the difference between resonant (the relative peak transmission efficiency) to nonresonant pixel corresponding transmission efficiency (Fig. 4(c) ) can be enhanced to minimize the measurement error, resulting in improved reliability.
Higher Wavelength Resolution
The intrinsic limitation of the GGP-GMR used in this work can achieve 1-nm resolution, as shown in Fig. 3 , where the minimum intensity corresponding pixels are at least 1 pixel apart for each 1-nm difference in incident wavelength. In turn, this limits the resolution of the measurements of the sample concentrations. A sufficient difference in the sample concentration is required to cause a 1-nm wavelength shift from the biosensor. Several possible solutions might potentially improve the resolution. Currently, the GGP-GMR can only achieve a 2-nm increment on the grating period, which is limited by the available fabrication facility. Theoretically, if we can reduce the increment with better fabrication facility, the resolution can be further improved. Alternatively, a CCD with higher resolution (smaller pixel size) could improve the wavelength detection resolution even though that would reduce its sensitivity to light intensity. On the other hand, one can increase the repeated cycles for each period to increase the resolution with sacrifice of footprint of the GGP-GMR.
Peak Wavelength Detection
In this paper, we only demonstrate that the GGP-GMR and CCD system can be used to monitor the dip wavelength by tracking the pixel corresponding to the relative peak transmission efficiency. However, based on a simulation [21] , the system can be applied for tracking the shifts of the peak wavelengths in peak-type spectra. We are currently working on an experiment to verify the simulation result.
Conclusion
Currently, the spectrometer is one of the most commonly used pieces of equipment for tracking the peak or dip wavelengths in numerous biosensors and for determining the concentrations of relevant samples. It requires a certain optical path length for the required wavelength resolution, which makes it difficult to integrate with miniaturized sensor systems. In this work, we demonstrate that our GGP-GMR and CCD system can be used to monitor dip wavelengths. The demonstrated GGP-GMR is less than 1.8-mm long and yet the detection wavelength range can be 115 nm (550 to 665 nm) with a potential for 1-nm resolution. The device can be further optimized for even smaller size and higher resolution. With such a compact form factor, we believe it will have a great potential for integration with lab-on-a-chip systems or handheld devices for numerous sensing applications.
